Laparoscopic surgery is a minimally invasive surgery that accelerates postoperative recovery, but it can only be performed by surgeons with advanced surgical skills. One of the main difficulties in laparoscopic surgery is the restriction of free motion of the forceps because of the limited degrees of freedom by the trocar. Recently, many master-slave manipulators with articulated forceps have been used in laparoscopic surgery to solve this problem. The wrist mechanism of an articulated forceps affects the controllability and range of motion of a slave manipulator in a patient's abdominal cavity. Therefore, it is important to improve upon the wrist mechanism of articulated forceps for robot-assisted laparoscopic surgery. This paper aims to propose a new wrist mechanism for articulated forceps to be used in laparoscopic surgery. The degrees of freedom of the proposed design are three motor-driven axes that use wires and pulleys (a pitch axis, yaw axis, and gripper axis) and a roll axis driven by manual rotation of the forceps shaft. In the proposed mechanism, the offset distance between the pitch and yaw axes was reduced. The offset value, i.e., 5.95 mm, is shorter than the maximum outer diameter 7.5 mm of the wrist mechanism. Singularity configurations of the wrist axes are avoided near the standard working posture by configuring the pitch and yaw axis. There are few parts and it is simple as compared to the previously developed clinical use robotic forceps. Furthermore, the effectiveness of the proposed mechanism was verified by tests. The range of pitch motion is ± 90°, yaw motion is ± 85° (or ± 90°), and gripper motion is 60° (or 50°). The transmission efficiencies are from about 55 to 75%. The grasping force and torque are more than 5 N and 70 mNm.
Background
Laparoscopic surgery is one of the most commonly used minimally invasive surgical techniques. As shown in Fig. 1 's depiction of conventional laparoscopic surgery, a surgeon operates using forceps passed through trocars (each approximately 5-10 mm in diameter) into a patient's abdominal cavity while watching an image acquired by a laparoscope. Since only a small incision is made, the patient can recover sooner and overall medical costs are reduced. Therefore, laparoscopic surgery has great advantages for the patient and has become widespread in recent years [1] . However, laparoscopic surgery can only be performed by surgeons with advanced skills. One of the main difficulties in laparoscopic surgery is the restriction of free motion of the forceps because of the size of the trocar. The position and posture of the gripper of the forceps cannot be changed freely in the patient's abdominal cavity during the procedure because the shaft of the forceps is restricted by the trocar. Recently, many master-slave manipulators with articulated forceps have been used in laparoscopic surgery to solve this problem [2] . Compact and low-cost manual or motor-driven articulated forceps have also been developed for clinical use [3] [4] [5] [6] .
The wrist mechanism of an articulated forceps affects the controllability and range of motion of a slave manipulator in a patient's abdominal cavity. Therefore, it is Open Access *Correspondence: mjinno@kokushikan.ac.jp School of Science and Engineering, Kokushikan University, 4-28-1, Setagaya, Setagaya-ku, Tokyo 154-8515, Japan important to improve upon the wrist mechanism of articulated forceps for robot-assisted laparoscopic surgery. Several wrist mechanisms for articulated forceps have been proposed.
The wrist mechanism proposed by da Vinci [2] adopts a wire-pulley drive mechanism [7] . Thielmann et al. and Tadano et al. have also proposed a wire-pulley drive mechanism [8, 9] . In the wire-pulley drive mechanism, the mechanical design about the arrangement of pulleys and routing of wires is very important to keep the curvature radius of wires and to reduce distance between joints.
The wrist mechanism proposed by Kymerax [6] adopts a combination of wire-pulley drive and gear drive mechanism [10] . Further, we have proposed another type of wire-pulley and gear drive mechanism [14, 15] . Nishizawa and Kobayashi proposed a non-interference mechanism using wire-pulley and gears mechanism [16] . In this mechanism, in addition to wire-pulley design, strength design of gears and manufacturing accuracy of parts to reduce gear backlash are very important.
The wrist mechanism of the Radius [5] adopts the combination of torque tube, gear, and link drive mechanism [17] . Also, Fujii et al. [11] proposed a torque tube and gear drive mechanism. Similarly, strength design of gears and manufacturing accuracy of parts to reduce gear backlash in torque tube and gear drive mechanism are very important.
The Autonomy [3] and the FlexDex [4] adopted a flexible bending joint and wire drive mechanism [12, 13] . Haraguchi et al. [18] also proposed a flexible bending joint and wire drive mechanism using a spring for the joint. The bending mechanisms using flexible joint are very simple. Since the bending radius of the flexible joint is large with respect to the forceps diameter, large motion is required to determine the posture of the end effector. With a forceps using a flexible bending joint, the procedure in a narrow space is difficult.
Moreover, link drive mechanisms [19, 20] and parallel link mechanisms [21] [22] [23] are proposed. Ishii and Kobayashi propose a parallel link mechanism using doublescrew-drive mechanism [24] . Arata et al. [25] proposed a parallel link mechanism using spring links. It is difficult to obtain wide motion range of about ± 90° for each joint by the link drive mechanisms. Also, link drive mechanisms need a lot of components and manufacturing accuracy of parts to reduce link backlash, and the cost increases.
Considering the need for a compact and maneuverable wrist mechanism for robot-assisted laparoscopic forceps, this study aims to propose a new wrist mechanism using wire-pulley drive mechanism. This paper first examines the most important specifications required for such a wrist mechanism. Next, a new wrist mechanism is proposed to satisfy those specifications, with a basic design and forward and inverse kinematics analyses. Third, a prototype model of the wrist mechanism is detailed. Finally, the paper reports the experimental results using a test bench to confirm the effectiveness of the mechanism.
Methods
This section presents the required specifications and the mechanical design of a wrist mechanism for articulated forceps used in robot-assisted laparoscopic surgery.
Configuration of the degrees of freedom
Generally, three axes are required to allow any posture of an end effector. In case of master-slave manipulators and articulated forceps for laparoscopic surgery, mostly, the first axis that is the most proximal side axis for the posture of the wrist axes is the roll axis of rotation of the forceps shaft by manual or motor drive to simplify the wrist mechanism. Generally, for the second and third axis for the posture of the wrist axes, combination of bending axis, roll axis, and curvature axis, among others are applied. There are three kinds of combinations of the second and third axis for clinical use articulated forcipes of laparoscopic surgery [7, 10, [11] [12] [13] . Also, the prototype models of wrist mechanisms for articulated forceps [8, 9, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] can be classified by the same three configurations. The three configurations of the second and third axes are as follows and showed in Fig. 2: A. A combination of two bending axes (a pitch axis orthogonal to the shaft axis and a yaw axis, or vice versa) [7, 8, 9, 15, 16, 19, 20] . B. A bending axis (pitch axis or yaw) and roll axis [10, 14, 17, 11] . C. Two curvature axes for up/down and right/left motions using joint ring, linkage, and spring, among others. This category includes parallel mechanism [12] [13] [14] [15] [16] [17] [18] [21] [22] [23] [24] [25] .
Among the basic required specifications for the wrist mechanism, the following two items are especially important for master-slave manipulators for laparoscopic surgery.
1. A minimal offset distance between the pitch axis and yaw axis.
If the posture axis offset is large, when changing the posture of the end effector in a fixed state of a tool center point, the motion of the three basic axes for the positioning of the end effector increases. Therefore, the effective working area of the robot including the posture of the end effector cannot be secured effectively. In particular, in the case of a laparoscopic assist robot, since the three basic axes must be operated under the trocar restriction, large motion of a forceps shaft is needed to change the posture of the end effector in a fixed state of a tool center point. Therefore, the influence of the offset is more serious, and to secure a sufficient working area, the three basic axes need to be enlarged. Also, the offset would render the wrist mechanism too large for laparoscopic applications. 2. Avoidance of singularity of the wrist axes in the standard working posture.
It is necessary that the singularity posture is not close to the standard working posture. In case of laparoscopic surgery, it is natural to perform the procedure with the gripper and the forceps axes in near parallel, and surgeons use up/down or right/left motion of the gripper frequently. Therefore, it is desirable that the singularity of the wrist axes is sufficiently different from this configuration that is the gripper and the forceps axes in near parallel. Table 1 list the comparison between these two design constraints with the three configurations of wrist axes described above.
A. The offset is difficult to eliminate by simple mechanism but can be reduced. The singularity configuration is not near the standard working posture [7-9, 15, 16, 19, 20] .
a b c
Offset Offset Singular configuration It is possible to eliminate the offset, for example, using universal joint or ball joint. But the joint mechanisms are complex and the motion range is small. B. Since the longitudinal directions of the gripper and forceps axes coincide with the roll axis, it is difficult to avoid the singularity configuration near the standard working posture. The offset is eliminated [10, 14, 17, 11] . C. Since the posture is determined by bending motions, the offset of both bending mechanisms tends to be very large. The singularity configuration is not even close to the standard working posture [12] [13] [14] [15] [16] [17] [18] [21] [22] [23] [24] [25] .
Therefore, we designed a wrist mechanism that reduces the offset by simple mechanism with respect to the pitch and yaw axes. Figure 3 shows a conceptual design of the proposed wrist mechanism with pitch and yaw axes and a gripper. The pitch mechanism is a simple structure that transmits power from the drive pulley in the base (not shown the figure) to the driven pulley via a wire. Similarly, the yaw and gripper mechanisms are configured to transmit power from the drive pulleys on the base (not shown the figure) to the driven pulleys via wires, with idle pulleys to direct the wires through the pitch axis. Therefore, the motions of the yaw and gripper axis are performed by cooperative motion. Also, since the wires are flexible, the entry directions of the wires to pulleys and the rotation axis of the pulleys do not need to be orthogonal to each other. Figure 4 shows the basic design of the proposed wrist mechanism based on the conceptual design. Table 2 lists the specifications of the wrist mechanism and Table 3 lists its component parts. The maximum outer diameter is 7.5 mm, which is equivalent to the conventional wrist mechanisms used in articulated forceps for robot-assisted laparoscopic surgery [2, 5] . The offset distance between the pitch axis and the yaw axis is 5.95 mm and it is shorter than the maximum outer diameter (7.5 mm) of the wrist mechanism. Since mechanical parts such as idle pulleys and linkages are not needed between the pitch axis and the yaw axis, the offset distance can be reduced. Also, since all the three supporting shafts supporting the pulley, pitch part, and finger parts are supported stably at both ends of the shaft and the parts are in line with each other (coaxial), stresses on the support shafts are reduced, the pulleys and structural members are supported rigidly, and relatively few parts are needed. In addition, since the wires pass through the pitch axis on pulleys, bending stress on the wires and friction between the wires and pulleys are reduced. These qualities show that the proposed mechanism could function as a highly durable and efficient wrist mechanism for articulated forceps in robot-assisted laparoscopic surgery. Figure 5 shows the coordinate system for the drive mechanism of the proposed wrist mechanism. It is an interference-drive joint mechanism. The forward and inverse kinematics matrices are as follows:
Mechanical design

Kinematics of the wrist mechanism
where a and b are the pitch diameters of the wire at the drive pulley and driven pulley of the pitch axis (first axis), respectively, and c, d, and e are the pitch diameters of the wires at drive pulleys, idle pulleys, and driven pulleys of the yaw and gripper axes (second and third axes). The pitch diameters are the sum of the pulley diameter and wire diameter. Table 4 lists the pulley diameters and the pitch diameters. The diameters of the drive pulley are chosen with regard to the range of motion (± 90°) of the drive motor discussed in the next section. The suffixes p, y, and g indicate yaw, pitch, and gripper axis. From the above equation, the relation between the driving torque and joint torque can be derived using the principle of virtual work:
Although the gripping and releasing torques in the gripper axis have no influence on the first axis driving torque, the yaw axis torque does interfere with the first axis driving torque. Therefore, the first axis drive system must be designed with enough drive torque and stiffness of the joints to overcome increases in angular moment when the yaw axis interferes with the pitch axis. To increase the joint stiffness, stiffer wires and large-diameter pulleys can be used. The kinematics of the proposed wrist mechanism is almost the same as conventional clinical use articulated forceps [7] .
Results and discussion
Prototype model
Based on the abovementioned mechanical design considerations, a prototype model of the wrist mechanism was developed. Manufacturing and assembly of the parts presented no problems. Figure 6 shows an overview of the wrist mechanism. 
Evaluation experiments
Results of range of motion Figure 7 shows the range of motion of the pitch, yaw, and gripper axis. These data show that the specifications listed in Table 2 have been satisfied.
Results of transmission mechanism efficiency
In the test shown in Fig. 8 , the input torque (R i r i ) applied to the drive shaft pulley via the force gage and the output torque (F o r o ) were both measured by a force sensor. The force-transmission efficiencies η for each axis were then calculated with the following equation:
where R is the reduction ratio (pulley ratio) of each axis. The input torque was about 200 mNm. While measuring the second and third axes, the pitch axis was fixed. Table 5 lists the efficiency of each axis of the wrist mechanism. Various friction forces degrade efficiency: between the shaft and pulley, between the pulley and wires due to the stretching of the wire, and between the wire strands. The mechanism for the first axis is just one pair of wire and pulleys. On the other hand, since the wires of the second and third axis pass through the pitch axis, they rub on the pitch shaft portion, and the efficiencies of the second and third axis are approximately the square of the efficiency of the first axis.
Results of output force and torque
The motion performance of the wrist mechanism was evaluated with a test bench. Figure 9 shows an overview of the test bench. Servo motors HS-85 BB (Hitec Multiplex Japan, Inc.) were used for the drive motors, and an Arduino Leonardo microcontroller was used. Table 6 lists the specifications of the servo motors. The output (force and torque) for each axis with driving torque applied was measured by the test bench. A force sensor was used in a similar fashion to that seen in Fig. 8 . When measuring the second and third axes, the pitch axis was again fixed. Table 7 lists the experimental data and calculated values from a maximum motor torque of 294 mNm, along with the measured efficiency listed in Table 5 for output force and torque of each joint. The outputs corresponding to the efficiency of each axis are listed.
As shown in Eq. (4), the grasping force is generated by the 2nd and the 3rd axis torque by cooperative driving mechanism. In case of τ 2 = − τ 3 , the grasping torque τ g = e c τ 2 . Therefore, the grasping force and torque is almost the same as the output force and torque of 2nd and 3rd axis, as shown in Table 7 .
Furthermore, tests demonstrated that each motion of the yaw, pitch, and gripper axis can be initiated by a command from the tactile-switch user interface with calculations from the kinematics matrices in Eq. (2) . An additional movie file shows this in more detail (see Additional file 1).
These results confirm that the proposed mechanism has the fundamental functions and performance characteristics to be useful as a wrist mechanism of articulated forceps for robot-assisted laparoscopic surgery.
Conclusions
Considering the need for a compact and maneuverable wrist mechanism for robot-assisted laparoscopic forceps, a wire-driven wrist mechanism with a pitch, yaw, and gripper axis has been proposed. The following design goals were achieved:
1. The offset distance between the pitch and yaw axes was reduced. The offset value, i.e., 5.95 mm, is shorter than maximum outer diameter 7.5 mm of the wrist mechanism. 2. Singularity configurations of the wrist axes is avoided near the standard working posture by a configuration of pitch and yaw axis. 3. There are few parts, and it is simple and small offset as compared to the previously developed clinical use robotic forceps [7, 10, [11] [12] [13] .
Furthermore, the effectiveness of the proposed mechanism was verified by tests. The range of pitch motion 
